Abstract -We experimentally investigate the deformation of a granular material submitted to a localised compression force. The strain field is characterised using a near field DiffusingWave Spectroscopy technique. The results of point load experiments on an elastic sample are first presented to illutrate the possibilities of the technique. Then, we report new results concerning the behaviour of a granular medium, showing a non-linear response with the force increment and a spatial repartition of the strain that differs from elasticity. Moreover, we analyse the partial reversibility of the deformation after a loading/unloading cycle in terms of both elastic and plastic contributions.
(microscopic/macroscopic) used, a synthetic view of these experimental results is difficult to achieve.
On the theoretical side, different models compete to describe the response of a granular pile submitted to forces at its boundaries [1, 2] . Elasto-plastic models [10] consider that for small enough forces, the response of the granular material is elastic. Departure from this regime comes from the failure of the material and can then be described for example through the Mohr-Coulomb criterium. In order to take force chains into account, a model of stress propagation has been proposed [11] . At first, predictions from these two models seem different enough for experiments to discriminate between them. Nevertheless, considerations such as the disorder of the grain assembly [12] or the size of the system [13] show that such a discrimination is not so easy. Another model taking force chains into account has also been proposed: a scalar model of stress diffusion [6, 14] that captures some aspects of the force distribution observed in experiments.
In this context, new experimental data are of great interest to reach a better understanding of the mechanical response of granular media. Among the difficulties of experimental measurement of forces and displacements at the boundaries or in the bulk of a granular system is the non-perturbation of the system by the probe [9] . Numerous non-intrusive methods have been introduced recently to measure small displacements in granular media [15, 16] , 18002-p1 M. Erpelding et al.
among which Diffusing-Wave Spectroscopy (DWS) [17, 18] . This technique has been used to probe the dynamics of granular flows and creep motions [19] [20] [21] [22] [23] . We use it to probe small deformations. As a matter of fact, it has been shown recently that spatially resolved deformation maps of a light-diffusing material can be obtained using speckle correlation in a backscattering configuration [24] . This method gives us an insight of the deformation field in the vicinity of a boundary of the sample. Because it is based on a correlation technique, the method also allows us to determine the reversibility of the deformation after a loading/unloading cycle.
This letter is organised as follows: we first describe the principle of the method and present the experimental setup. We then expose experimental results illustrating the possibilities of the method in the case of an elastic material. Afterwards, we report new experimental results on the response of granular materials to a localised force. Finally, we discuss and analyse these results in terms of both plasticty and elasticity.
Principle of the measurements. -When a highly diffusing material -such as a granular material made of small glass beads-is illuminated with coherent light, photons are multiply scattered and propagate inside the sample following different optical paths. The light waves coming from different paths have different phases and interfere. As a consequence, the backscattered light shows a random interference pattern called speckle. If the sample is deformed, the optical paths inside are modified, and the resulting phases change. A different speckle pattern is then observed. Analyzing the correlations between speckle patterns recorded for different deformation states of the sample gives information about the strain field [24] . To be measurable by this technique, i.e.,t om o d i f yt h e speckle pattern, the deformation of the material must yield a change of length of the inside optical paths of the order of the wavelength of light. Since we consider highly diffusing samples, the number of scattering events involved in a typical optical path is large. Consequently, the condition can be fulfilled even if each scatterer involved in the path moves from a fraction of the wavelength. This makes the technique sensitive to very small deformations. Typically, we measure strains in the range 10 −5 -10 −3 .The spatial resolution of the technique is defined by the typical spatial extension of an optical path inside the sample. This extension is characterized by the transport mean free path of light inside the sample, l * , which depends on the optical properties of the material. Typically, for a granular sample made of glass beads, l * ≈ 3 beads diameters [25] .
Experimental setup. -The optical setup has been described in details in [24] . A continuous-wave linearly polarized laser (Ventus) of wavelength λ = 532 nm and maximum power ≈ 50 mW is expanded using a microscope objective so that it roughly homogeneously illuminates a few square centimeters diffusing sample. An image of the backscattered speckle pattern obtained on the illuminated surface is formed on a CCD camera (DALSA PT-41-04M60, 2352 × 1728 pixels) using a lens. A diaphragm aperture placed before the camera allows us to adjust the size of the speckle spots. Thanks to a polarizer, only multiply scattered, depolarized light is collected. During a typical experiment, a normal force is applied on top of the sample using a tip mounted on a vibrator (Brüel & Kjaer 4810). The magnitude of the force changes as the input current in the vibrator varies. Figure 1 shows a sketch of the setup. We record three kinds of information: first, we measure the force exerted on the sample with a force sensor (FUTEK FSH02665) inserted between the vibrator and the tip. We also measure the displacement of the tip using a photodiode (Hamamatsu S5629-01 Position Sensitive Detector). Finally, images of the speckle patterns are recorded regularly. To extract the information about the deformation field in the sample from the speckle images, we use the procedure described in [24] which we briefly recall below. The images are divided into several square zones of size 40 × 40 pixels which corresponds to ≈ (l * × l * )mm 2 in the object space. In each zone, we compute the intensity correlation function between two images 1 and 2:
where I 1 and I 2 represent the intensity of a given pixel in images 1 and 2, and · designates an average over all the pixels of one zone.
Elastic material.
-We first present results of an experiment in which a point force is applied on a slab of elastic material (Teflon). If the strain field inside the sample is affine at the scale of l * , modelling the propagation of light inside the sample in the diffusion approximation allows us to link this correlation function in each zone to the isotropic invariants of the strain tensor [24] . For this, the phase shift due to a deformation of the sample must be expressed for each optical path as a function of the corresponding displacement of the scatterers involved in the path. This leads to the following dependency for the correlation function in a backscattering geometry:
where U is the strain tensor, and f (U) is a linear function of its quadratic isotropic invariants Tr 2 (U)a n dT r ( U 2 ), where Tr(U) designates the trace of the tensor U.F urthermore, for linear elastic materials, the strain tensor can be obtained from the appropriate Boussinesq solution [26] . Then, (2) becomes:
where ΔF designates the force increment between images 1a n d2 ,E is the Young modulus, and ν is the Poisson ratio of the sample, e denotes its thickness in the y-direction and C ≃ 16 2/5(l * /λ) is a constant fixed by optical parameters [24] . For Teflon, we have l * ≈ 260 μm, so that C =4.9 × 10 3 . To investigate the dependance of g I with the applied force, we control the current input into the vibrator to obtain quasistatic loading/unloading cycles. The typical maximum applied force is ≈9N. Forces of this order being too large to be measured with our force sensor, we have performed separate calibration experiments to link the applied force to the current input into the vibrator. Speckle images were recorded with a frame rate of 1 frame per second. After a cycle, we compute the correlation maps between a reference speckle image with a given applied force and the following images. As expected, we observe heterogeneous correlation maps. As the applied force increases, the sample is deformed and we logically observe a decrease of g I . When the force then decreases back to its original value, we observe a complete recorrelation, indicating that the deformation is reversible. Figure 2a shows the correlation map computed between the reference image and the image corresponding to the maximum applied force. For selected pixels indicated on the map, we analyse the variation of ln(g I )a sa function of the force increment ΔF between the reference image and the following images. We plot the data from an entire loading/unloading cycle. First, we find that ln(g I ) is linear with ΔF , as expected from (3). Second, almost no hysteresis is observed: the correlation is fully recovered when the force increment decreases back to zero. This is a signature of a reversible deformation, as expected again for an elastic material. We finally investigate the spatial variation of the correlation: we expect from (3) that at a given ΔF ,f o rx =0, ln(g I ) should vary linearly with (1/z). Figure 2b is a plot of ln(g I (z)) as a function of (1/z), where · represents an average over 3 pixels of the correlation map in the x-direction as shown by the dark frame in fig. 2b . Each curve corresponds to a different value of ΔF . We find that the data are well captured by linear fits (dashed lines), which is coherent with (4). The slight deviation from the linear behaviour observed for ΔF = 9 N is likely due to the finite size of the sample.
Granular material. -We have used the same DWS technique to probe the mechanical response of a granular material. In this section, we first report our experimental observations without making any assumption about the characteristics of the deformation inside the sample. Then, we propose an extension of (2) for the case in which the strain field exhibits a non-affine part, and discuss our results in this framework.
Experimental results. We used granular samples made of spherical glass beads (Silibeads) of diameter in the range 70-110 μm. The beads were placed in a metallic cell of inner dimensions (46 × 36 × 15) mm 3 in the x, z and y directions, respectively, with glass walls. The samples were always prepared following the same procedure: first, the grains were poured into the cell using a funnel. Then, the cell was slightly shaken horizontally to flatten the free surface, and finally the packing was compacted by loading the entire free surface with a flat object. A cylindrical tip of diameter 2a = 10 mm was fixed on the vibrator. The current input into the vibrator was controlled to obtain loading/unloading cycles between imposed force limits, slow enough (typically 10 to 80 s) to be in a quasistatic situation. Provided first that humidity in the room was around 50% r.h., and second that the tip was approached into contact with the surface delicately, the experiments were reproducible. We measured the applied force and the resulting tip displacement using the sensors mentioned in the experimental setup section. The maximum amplitude of the applied force is ≈80 × 10 −3 N. The maximum tip displacement is ≈0.8 μm, which is about a hundred times smaller than the beads diameter, showing the sensitivity of the technique. Again, speckle images were recorded with a frame rate of 1 frame per second and we computed for each cycle the correlation maps between a reference image at F =3.79 · 10 −2 N and the following images. As for Teflon, we observe a heterogeneous correlation map, and g I decreases as ΔF increases. However, both the dependency of g I with ΔF and its spatial variation differ from those observed for Teflon, which is not very surprising, given the granular nature of the sample under probe. We observe that when the applied force increment decreases back to zero, the recorrelation is only partial, signing the existence of irreversible motion of beads, thus plastic deformation. Figure 3 is a sequence of maps obtained for the granular sample during the first cycle, showing the partial reversibility of the deformation. This is coherent with the hysteresis also observed when plotting the experimental tip displacement δ as a function of ΔF ( fig. 5a, right and bottom axis) . However, the response of the granular material varies with the number of cycles: the amplitude of the hysteresis decreases for both ln(g I )a n d δ vs. ΔF after a few cycles, meaning that the reversibility of the deformation increases with the number of cycles. As an example, fig. 5b shows of the same quantities measured for the 4th cycle and plotted with the same scales as in fig. 5a . Our results also clearly show a non-linear behaviour of ln(g I )withΔF ( fig. 4a) . Finally, plotting ln(g I (z)) as a function of (1/z), we find that the data cannot be captured by linear fits. Instead, the correlation decreases faster with (1/z) than for a linear elastic sample ( fig. 4b ).
Plasticity. These experimental results evidence that the mechanical response of a granular material is very different from that of a linear elastic sample. We observe (see fig. 5 ) an important irreversibility of the deformation. Since the total strain ǫ is always small, we adopt the decomposition into an elastic part U and a plastic part P,sothatǫ = U + P [27] . For such a deformation, one may calculate g I (1, 2) ≃ exp (−cǫ) ( 4 ) with c ≃ 6.9(2πl * /λ) ≃ 2.4 · 10 4 ,a n d
ǫ represents a mean squared deformation which is averaged over the elements of the tensor ǫ. If plastic deformations are absent and elastic deformations U are given by linear elasticity, then (4) reduces to (3) for a localised load. For a granular medium, ǫ is composed of an elastic and a plastic part. The plastic part P may be obtained by considering the deformation between two states corresponding to the same applied force.
Since for a given force, the overall deformation depends on the position in the sample, then so does the plastic deformation. Figure 6 shows the plastic part P after a loading/unloading cycle as a function of the maximum deformation ǫ, for every pixel of the corresponding correlation map. First, we observe that for a given cycle, all points collapse on a master curve. This shows that the plastic deformation depends mainly of the overall deformation, but weakly on the position in the sample. Second, for the 1st cycle, P ≈ 0.65ǫ, i.e., the deformation is mainly plastic, even at very small strain. Finally, the ratio plastic to overall deformation decreases after few loading/unloading cycles, and is P ≈ 0.22ǫ for the 4th cycle. In other words, the results suggest that most of the plastic deformation occurs during the first cycle, which makes it particularly interesting to study to understand the specificity of granular materials. The decrease of plastic reorganisations for a large number of cycles will be the subject of upcoming work.
Elasticity. We see that after a few loading/unloading cycles, the response of the granular material becomes essentially reversible. This signs an elastic behaviour. As already noted, the distribution of deformation in the granular material is different from the one expected from Boussinesq solutions of linear elasticity. However, we may show that the measured deformation ǫ(ΔF, r) for an applied force increment ΔF at a point r may be represented as
where f and g are two unknown functions. Indeed, we find for two applied force increments ΔF 1 and ΔF 2 that ǫ(ΔF 1 , r) varies linearly with ǫ(ΔF 2 , r), independently of the position r. We then determine the function f (ΔF ) as ǫ(ΔF, r)/ǫ(ΔF max , r), where ΔF max is the maximum applied force increment, and where we arbitrary set f (ΔF max ) = 1. The inset of fig. 7 shows ǫ(ΔF, r)/f (ΔF ) as a function of ǫ(ΔF max , r). All measured values corresponding to different positions r and applied force increments ΔF collapse on a master curve, showing the validity of the decomposition (5) . Figure 7 shows a plot of f (ΔF ). Linear elasticity predicts deformations that are linear with the applied force. This is clearly not what we observe. Moreover, models of "granular elasticity" usually invoke non-linearity between force and deformation based on Hertzian contact, in which case one expects that the deformation scales as F 2/3 . Again, this is clearly not the observed behaviour here.
Although the force-deformation relation is not linear, it may be useful to propose a crude estimate of the elastic modulus determined by our DWS study. Considering an arbitrary pixel under the tip (fig. 2b, pixel 1) , we find ǫ ≃ 5. · 10 −6 for ΔF = 45 mN. Using the Boussinesq solution (4) for this estimate, we find, with x =0, z =3mm, e =2a =10mm and ν ≃ 0.5, that E ≃ 105 MPa. Another estimate of elastic modulus may also be extracted from the tip displacement under the applied force. The force needed to apply a uniform displacement δ on a circular region of a semi infinite elastic material is [26] 
Under a force F = 45 mN, the tip displacement is δ = 0.24 μm (see fig. 5b ). Equation (6) gives an elastic modulus E ≃ 25 MPa. These estimations may be compared to measurements of acoustic velocity in granular media. Bonneau et al. [28] have measured sound velocities in granular matter with free surface of order c ∼ 50 m/s. With c = E/ρ and a density ρ =1.6g/cm 3 ,w eo b t a i nE ∼ 4MPa.
Conclusion. -We have presented new experimental observations concerning the mechanical response of granular media: using Diffusing-Wave Spectroscopy, we obtain a spatially resolved map of the strain repartition in a granular sample submitted to a localised force.
Our results show that the response of a granular sample initially presents some plastic deformations. The reversibility of the deformation increases with the number of applied loading/unloading cycles, and after a few cycles the deformation is mainly reversible. However, the spatial repartition of the strain still cannot be captured by the Boussinesq solution corresponding to this geometry. Moreover, the response of the material appears to be non-linear, with a non-trivial force vs. deformation relation. Finally, we estimate from our results a value of the Young modulus for our granular sample that is significatively larger than values deduced from sound velocity measurements in weakly consolidated granular media. * * * We thank A. Faisant and P. Chasles for technical help. This work has been supported by ANR Grant No. NT05-4 42012 "MICMAC".
